ABSTRACT "Broiler-type" chickens are fast-growing, heavy-bodied birds with high demands on bone quality. Phenamil increased mineralization in cultured murine mesenchymal stem cells. Phenamil effects were tested in 2 groups of weight and gender matched day-old broiler chickens (n = 13). Oral administration of 30 mg phenamil/kg body weight d 1 to 13 reduced growth of chicks d 5 to 14 (P = 0.002); with phenamil-treated (PT) chick body weight being 84% of vehicle-treated (VT) chicks' body weight on d 14. Tissues collected on d 15 showed that femur lengths and widths did not differ, but tibias from PT chicks were 6% shorter (P = 0.002) and 13% narrower (P = 0.012) with 18% thinner tibial cross-sections (P < 0.008) than in VT chicks. Angles of the caudal aspect of the anterior surface of keeled-sternums were 166
INTRODUCTION
Bone growth and bone quality are of pragmatic and humane importance within the poultry industry (Whitehead, 2007) . Intensive selection for early rapid growth and increased muscle size in "broiler-type" chickens places substantial demands on bone growth and strength. Indeed, in a carefully controlled 2002 study of body weight and bone growth from hatch to marketing, typically 6 wk of age, body weight increased from 40 g to 1800 (♀) -2100 (♂) g, with tibia length increasing some 3.7-fold from 2.94 cm to 10.91 cm in Ross × Arbor Acres broilers (Applegate and Lilburn, 2002) . Metabolic and skeletal defects have accompanied selection for rapid growth (Julian, 2000) ; in the early to mid-1990s, tibial dyschondroplasia was a significant C 2017 Poultry Science Association Inc. Received September 13, 2016. Accepted January 23, 2017. 1 Corresponding author: rwalzem@tamu.edu problem (Shim et al., 2012a; Shim et al., 2012b ) that has been greatly resolved through ongoing genetic selection (Leach and Monsonego-Ornan, 2007; González-Cerón et al., 2015) . Broilers achieve 40% of their mature growth by d 21 posthatch, experiencing the greatest change in proportional growth during this period (Lilburn, 1994) .
To date, genetic selection has largely been empirical and based on observed phenotypic outcomes. Some of the first molecular genetic information regarding chicken bone biology and genes that control bone density in chickens relative to those in humans or mouse models was published in 2015 (Johnsson et al., 2015) . That study focused on adult bone biology in egg-laying type strains as a potential model of osteoporosis rather than juvenile bone growth; albeit bone density is critical at both life stages of poultry. Most recently, (Bond et al., 2016 ) the channel-forming protein PANX3 was associated with osteogenesis in embryonic limb buds. Using avian embryos, bone volume and mineralization were altered with overexpression and knockdown of this gene.
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The amiloride derivative, phenamil, was shown to promote bone quality in murine mesenchymal stem cell cultures by inducing osteoblast differentiation and increasing mineralization (Park et al., 2009) . First characterized as an epithelial-type Na + channel blocker in the toad urinary bladder (Garvin et al., 1985) , phenamil also relaxes smooth muscle and activates Ca 2+ release (Beschea-Chiriac and Serban, 2001) . Acting through multiple signaling pathways, phenamil modulates the actions of bone morphogenetic proteins (BMPs) by increasing gene expression of SMAD, an important transcription factor for BMPs and inducing expression of tribbles homolog 3 (Trb3), a potent regulator of BMP signaling (Park et al., 2009) . Bone morphogenetic proteins are characterized as growth factors, primarily belonging to the transforming growth factor-beta (TGFβ) superfamily (Chen et al., 2004) . Addition of BMP2 and BMP7 to the culture media in combination with phenamil increased bone-specific alkaline phosphatase (BALP) activity and calcium incorporation as measured by a colorimetric enzymatic assay and 45 Ca accumulation assay, respectively; (Parhami et al., 1997; Park et al., 2009) both are indicators of bone formation (Aubin et al., 1995; Polak-Jonkisz and Zwolinska, 1998; Jiang et al., 2013) . Phenamil and BMP combinations also positively affected expression of Runx2, osterix, and osteocalcin (OCN) (Park et al., 2009) , which are used as indicators of increased bone formation (Polak-Jonkisz and Zwolinska, 1998; Harada and Rodan, 2003; Usui et al., 2008; Choi, 2010) . It was concluded that phenamil acted through Trb3 (Park et al., 2009) . Avian homologues for Trb3 or osterix have not been identified (Park et al., 2009; Bond et al., 2016) . Osteoblasts also produce amino-terminal propeptide of type-1 collagen (PINP) and it, along with BALP and OCN, provide useful biomarkers of osteoblast activity in vivo (Schmid and Linsenmayer, 1985; Knott and Bailey, 1998; Almeida Paz and Bruno, 2006) . Conversely, circulating concentrations of carboxy-terminal telopeptide type I collagen (ICTP) and cross-linked N-telopeptide of type I collagen (NTX1) are biomarkers of bone resorption and osteoclast activity as these peptides are released from their respective proteins upon collagen degradation (Almeida Paz and Bruno, 2006) .
Given that many but not all genes involved in phenamil's actions are present in chickens, we sought to determine whether this compound would have biological activity with regards to bone formation in broiler chickens during the first 2 wkwk posthatch when bone growth and development are most rapid.
MATERIALS AND METHODS

Experiment 1
Twenty-six broiler chicks (Ross 308 × 708) were obtained from a local hatchery (Sanderson Farms, Bryan, TX), feather-sexed, and allowed to acclimate for 24 h prior to assignment to experimental and control groups, achieving similar initial mean body weights and gender ratios. Chicks were provided free access to an industry type corn-soy broiler starter diet ( Phenamil dissolved in DMSO (50.3 mg/mL) was administered to the test group (PT), as a dilution in distilled water to deliver 30 mg/kg body weight orally using an intubation volume of 1 mL/kg body weight. Phenamil dosing concentration was designed to deliver a similar concentration to that used in culture studies (Park et al., 2009) , assuming 100% absorption into the plasma compartment estimated as 8% of body weight. Vehicle-treated controls (VT), received an equivalent volume of DMSO:distilled water (1:10) only. Chicks received a dose of phenamil or DMSO vehicle daily from d 1 through d 13 posthatch. Vital staining of hydroxyapatite was completed using 0.2 mL IP injection of IRDye 800CW Bone Tag Optical Probe R (LI-COR Biosciences, Lincoln, NE) on d 14 in accordance with manufacturer suggestions.
Chicks were killed on d 15 by CO 2 asphyxia followed by recording of carcass, organ, and bone weights. Tibias and femurs were collected and their lengths and widths measured after being manually cleaned of adherent soft tissue. Lengths were measured end to end. Widths were measured at the shaft midpoint, which was defined as half of total bone length. One tibia and one femur per chick were dried at 105
• C for 24 h to remove residual moisture prior to being ashed at 600
• C for 24 h. Tibia ash samples were submitted to the Soil, Water and Forage Testing Laboratory (Texas A&M University, College Station, TX) for complete mineral analysis using inductively coupled plasma optical emission spectroscopy after a nitric acid digestion (Isaac and Johnson, 1975; Havlin and Soltanpour, 2008) .
Experiment 2
The effect of Z-fix on bone mineral content was determined in 7 paired tibias and femurs from 35-day-old, conventionally raised broilers that were manually defleshed immediately following tissue harvest. One tibia and femur pair was dried for 24 h at 37
• C to maintain innate mineral content. The contralateral tibia and femur pairs were fixed in a similar manner to experiment 1; briefly, bones were submersed in Z-fix for 24-36 h, rinsed with phosphate-buffered saline (PBS), and stored in 70% ethanol. After fixation, all bone pairs (Z-fix treated and dried controls) were dried at 105
• C for 24 h to remove residual moisture prior to ashing at 600
• C for 24 h and ash submitted for complete mineral analysis by Soil, Water and Forage Testing Laboratory (Texas A&M University, College Station, TX).
Experiment 3
Sixty broiler chicks (Ross 308 × 708) were obtained from a local hatchery (Sanderson Farms, Bryan, TX), feather-sexed, and allowed to acclimate for 24 h prior to assignment to experimental (PT), vehicle-treated (VT), and untreated control (UT) groups (n = 20/group). Chicks were provided free access to an industry-type corn-soy broiler starter diet (Tables 1 and 2) , that provided 500 IU vitamin D 3 /kg feed for 7 d, and housed 10 chicks per brooder partition and provided with 24-h lighting. Body weights and feed intake were recorded daily. Feed intake per pen was measured by difference every 24 h; thus feed intake per pen was measured in duplicate.
Phenamil was dissolved in dimethyl sulfoxide (DMSO) and diluted with water to provide 5 mg/kg body weight dose in the PT group. Vehicle-treated controls received an equivalent volume of DMSO:distilled water alone. Chicks received a dose of phenamil or DMSO vehicle for 7 d beginning 24 h posthatch (d 1 of experiment). Chicks were euthanized on d 8 by CO 2 asphyxia followed by collection of carcass, organ and bone weights as previously described. One tibia and femur pair per bird was ashed to measure bone mineral content. Weights of crop and intestinal contents were determined as the difference between weights of crops and gastrointestinal tracts with contents and weights of these same tissues following careful rinsing to remove all contents and removal of residual rinse by blotting with absorbent toweling. Birds for which incomplete sample sets were collected were excluded from further analysis. Final tissue and bone samples were analyzed for 19 birds in PT, 18 birds in VT, and 17 birds in UT groups.
Sera Analysis
Biomarkers of bone growth and remodeling were measured in serum by enzyme-linked immunosorbent assay (ELISA). BALP, OCN, PINP, ICTP, and NTX1 ELISAs were purchased from MyBioSource (San Diego, CA). Antibodies for ELISA kits were rabbit polyclonal and validated using an immunogen of the specific chicken protein being tested. Manufacturer standards were chicken-specific amino acid sequences expressed by E. coli. To assess BALP concentrations during initial bone development, 7-to 8-day-old embryos were homogenized with PBS (1 mg tissue/mL) and supernatant collected. For BALP only, embryonic homogenates and undiluted serum from PT, VT, and UT chicks (experiments 1 and 3) were used to evaluate peptide concentrations following manufacturer protocols. Undiluted serum from PT and VT chicks (experiments 1) were used to evaluate peptide concentrations of OCN, PINP, ICTP, and NTX1, following manufacturer protocols. The numbers of samples assayed varied depending upon sample availability.
Bone Histomorphometry
Keeled-sternum bones were scanned in fresh tissue using the LI-COR Odyssey series scanner at 800 nm with Odyssey 2.1 software. Keeled-sternum angles were quantified by drawing a 3-point arc to capture the angle of the caudal hemisphere of the dorsal aspect of the keeled-sternum. Each vector of the arc was aligned to follow the caudal sternum curve. The drawn angle was then measured using ImageJ software (National Institutes of Health, Bethesda, MD). Femurs and tibias were fixed by submersing in Z-fix (Anatech, Ltd., Battle Creek, MI) for 24 to 36 h, rinsing with sterile PBS, and dehydrated in 70% ethanol. One set of fixed tibias was submitted to Nebraska Veterinary Diagnostic Center (Lincoln, NE) for hematoxylin and eosin (H&E) staining and unstained slide preparations. In order to prevent loss of the IRDye 800CW Bone Tag Optical Probe R , bones were paraffin-embedded and surface decalcified by submersion of the whole block in Surgipath decalcifier 2 (Surgipath, Richmond, IL) for 10 min prior to sectioning. Slides were prepared using sections obtained from the mid-shaft region of tibias. H&E-stained slides were scanned with a digital scanner and histologi- cal measurements were obtained using ImageJ software (Rasband and Eliceiri, 2012) . As an alternative to using a ruler (Applegate and Lilburn, 2002) , cortical bone thickness quantified on tibia cross-sections by triplicate measurement of the length of a straight line from the outer to the inner edge of the compact bone tissue.
Statistical Analysis
Sample sizes were determined from a power calculation of previously published bone ash and breaking strength correlation studies (Onyango, 2003; Shim et al., 2012a) . Outcomes are reported as means ± standard deviation. Statistical analyses were performed by JMP 12 software (SAS Institute Inc., Cary, NC) and differences determined through analysis of variance (ANOVA) and Tukey's Honest Significant Difference with significance at P < 0.05. Outliers were identified by normal quantile plots and removed from data sets as needed.
RESULTS
Experiment 1
All starting body weights and growth rates were similar. On d 5, PT chick average body weight was 7.48% lower than that of VT chicks (P = 0.037). Differences in body weight persisted through d 14 (P = 0.002), when PT chicks weighed only 84% as much as VT chicks (Figure 1) . Interestingly, PT chicks were not significantly lighter on d 15, 2 d post cessation of phenamil treatment (P = 0.289). Fresh tissues were collected for measurement of comb, breast, drumstick, thigh, heart, and liver weights. Heart (P = 0.004) and liver (P = 0.022) of PT chicks were smaller, weighing 85% and 87% of VT chick weights, respectively (Table 2) .
Fresh tibias from PT chicks averaged 1.83 ± 0.35 g and weighed less than those of VT chicks 2.26 ± 0.29 g, 81% of VT value, (P = 0.002). This difference was maintained after tibias were dried (P = 0.011). Femurs from VT chicks weighed 1.62 ± 0.20) g, significantly heavier Tibias of PT chicks were shorter and thinner than VT chicks. Femur length and width did not differ between treatment groups. Keeledsternums from PT chicks were flatter that VT chicks. Values are means ± standard deviations, n = 13/group; letters indicate significance at P < 0.05. Bone ash was measured as total weight (g) after ashing. BMC is expressed as g bone ash/g dried bone weight. Values are means ± standard deviations, n = 13/group; letters indicate significance at P < 0.05. Tibia bone ash from PT chicks showed no difference in Ca or P content, but had a lower Ca:P. Values are means (ppm of bone ash) ± standard deviations, n = 13/group; letters indicate significance at P < 0.05. than the 1.34 ± 0.25 g in PT chicks, 83% VT value, (P = 0.002); however, once the femurs were dried, the statistical significance was not maintained (P = 0.063). Femur lengths and widths did not differ between treatments (P = 0.176; P = 0.427); however, tibias from PT chicks were 6% shorter (P = 0.002) and 13% more narrow than VT tibias (P = 0.012) ( Table 3) . Total mineral content of both tibia and femur, expressed as g mineral/g dry bone weight, was significantly lower in PT chicks compared to VT chicks (P = 0.005 for both comparisons) (Table 4) . Specifically, PT femurs contained 30% less total mineral than VT femurs while tibias contained 25% less tibia total mineral content as evaluated by bone ash. Individual mineral contents (ppm bone ash) were determined in tibia and were similar for Ca, P, and Mg in the 2 treatment groups (Table 5) . Despite similar ppm bone ash of Ca and P, Ca:P was significantly lower (P = 0.003) in PT chicks at 1.71 ± 0.051 versus VT chicks at 1.74 ± 0.089, indicative of decreased relative bone calcium in PT chicks.
Experiment 2
Total bone ash was similar for bones analyzed immediately following drying and their contralateral comparator bone fixed for in Z-Fix prior to ashing (P = 0.748 for tibias; P = 0.876 for femurs). Mineral distributions, however, differed between unfixed and fixed bone preparations (Table 6 ). In both tibias and femurs, bones Z-fix treated bone had reduced total potassium, sodium, and boron (P = 0.000) and greatly increased total zinc content. Tibial zinc experienced a 45-fold increase (P = 0.000) and femur zinc a 54-fold increase (P = 0.000). Z-fix treated tibias exhibited an increased nitrogen percent (0.02%; P = 0.015) and a 6% decrease in magnesium (P = 0.000). Calcium concentrations in tibia and femur were not affected by Z-fix treatment (P = 0.268; P = 0.360, respectively). Subsequent study of Z-fix effects on individual mineral content of mature bone (Table 6) showed no alteration to Ca, P, or Mg (ppm and total mg/bone).
Experiment 3
Starting body weights were similar with no differences observed in final body weights (P = 0.169) or total weight gain (P = 0.116). Notably, however, while VT and UT growth responses were similar and continuous over time, PT chick growth faltered and was significantly less than VT (d 5) or UT (d 5, 7 and 8) on several days (Figure 1 ). Total intake did not differ between treatment groups (P = 0.965). Weights of heart (P = 0.031) and ceca (P = 0.007) of PT chicks were smaller, weighing 85% and 90% of VT chick weights, respectively, similar to ratios observed in Experiment 1 (Table 7) .
Fresh tibias from PT chicks averaged 0.96 ± 0.15 g and weighed less than those of VT chicks 1.08 ± 0.15 g (P = 0.012). Similarly, femurs from PT chicks weighed 0.69 ± 0.11 g, less than the 0.78 ± 0.11 g in VT chicks (P = 0.015). Once tibias and femurs were dried, the statistical significance was not maintained (P = 0.053; P = 0.076). Similarly, bone ash did not differ for tibias (P = 0.645) or femurs (P = 0.594) at this lower phenamil dose and young age (Table 8) . Tibia lengths and widths did not differ between treatments (P = 0.106; P = 0.745); however, femurs from PT chicks were 14% more narrow than VT femurs (P = 0.019) with lengths being the same as VT femurs (P = 0.123) ( Table 9 ).
Sera Analysis
Biomarkers of bone formation and resorption were measured as further indicators of bone health (Table 10) . Osteocalcin, was ∼20% lower (P = 0.020) in PT chicks as it averaged 0.983 ± 0.218 ng/mL serum, while VT chicks averaged 1.21 ± 0.224 ng/mL in serum. Amino-terminal propeptide of type-1 collagen Tibia and femur bone ash were compared after treatment with Z-fix fixative or dried at 37
• C prior to ashing. Z-fix treatment did not alter Ca, P, or Mg content (ppm) in mature bones. Fixation was associated with increased Zn in tibias and femurs and Mn in femurs but not tibia bones, while tibia bone ash from Z-fix treatment increased %N. Alternately, Z-fix treatment resulted in decreased levels of K, Na, and B in tibias and femurs. Nitrogen content is expressed as %N in bone ash and all other minerals as ppm of bone ash. Values are ppm means ± standard deviations, n = 7/treatment; letters indicate significance at P < 0.05. Bone weights are mass (g) directly after soft-tissue removal for fresh and after drying for 24 h at 110
• C. Bone ash was measured as total weight (g) after ashing. BMC is expressed as g bone ash/g dried bone weight. Values are means ± standard deviations; letters indicate significance at P < 0.05. Serum from PT chicks had lower concentrations in PINP, higher concentrations of OCN, but did not differ from VT treatment with the resorptions markers ICTP and NTX1. Values are means (ng/mL) ± standard deviations; letters indicate significance at P < 0.05.
1 Samples tested were from experiment 1, using Chicken Bone Alkaline Phosphatase ELISA, kit # MBS2512530 (MyBioSource, San Diego, CA) with limit of detection 0.188 ng/mL.
2 Samples tested were from experiment 3, using Chicken Bone Alkaline Phosphatase ELISA, kit #MBS742591 (MyBioSource, San Diego, CA) with limit of detection 0.100 ng/mL. Vehicle-treated numbers represent VT, UT and EH samples.
(PINP) in PT chicks was 62.0 ± 3.20 ng/mL serum and ∼45% higher (P = 0.000) than the 41.4 ± 3.34 ng/mL serum measured in VT chicks. BALP concentrations for all samples (sera and embryo extracts) were below 0.100 ng/mL, the limit of detection for the assay. The resorption markers ICTP and NTX1 did not differ between treatment groups (P = 0.075; P = 0.274, respectively). Importantly, control (VT) and PT birds showed marked differences in variation about mean values for ICTP and NTX1 being 36% and 48%, respectively, in VT birds and 3.3% and 9.7%, respectively, for these same parameters in PT birds. Femurs were thinnest in PT chicks. Tibias (lengths, widths) and femur lengths did not differ between treatment groups. Values are means ± standard deviations; letters indicate significance at P < 0.05. 
Bone Histomorphometry
Tibia compact bone cross-sectional thickness of H&E-stained bone were 0.037 (± 0.009) mm in PT chicks, thinner than the 0.045 ± 0.005 mm average of VT chicks (P = 0.008; Table 3, Figure 2 ). Relative abundance of osteoid and cartilage tissues could not be quantified due to extensive tissue tearing in multiple samples. Caudal hemisphere angles of keeled-sternums (Table 3, Figure 3 ) from PT chicks were noticeably flatter, averaging 166
• ± 8.23
• as compared to the 148
• average angle of VT chicks (P = 0.000).
DISCUSSION
Phenamil had unexpected and detrimental effects on bone formation in growing broiler chicks when administered at a 30 mg/kg body weight dose. Even at a lower, 5 mg/kg body weight, dose bone parameters were modestly but significantly altered. At the higher dose, phenamil not only consistently reduced linear skeletal growth, it also caused marked changes in both long bone and keel bone architecture, as chicks had shorter, thinner tibias and altered keeled-sternum angles. While leg bone integrity is a long-standing concern for leg quality, the altered keel architecture observed here would reduce contact area between bony and cartilaginous components of the breast and could result in dislocations in live birds or at processing. The effects were rapid and manifested as significantly reduced body weight starting on d 5 of dosing (3 d following treatment start at d 2 posthatch). Reduced body weight was rapidly reversed following cessation of phenamil treatment on d 13, as body weights in the 2 groups were similar on d 15. However, relative and absolute weights of heart and liver had not returned to untreated values by d 15, potentially indicating restricted overall growth rather than specific effects on long bone development. At the lower dose, phenamil inconsistently, but frequently reduced body weight; heart and cecal weights of PT chicks were significantly lower than either VT or UT chicks even though feed intake did not differ between VT and PT chicks. Growth rates of UT and VT chicks were similar, indicating that the DMSO vehicle did not affect body weight gain.
Phenamil treatment resulted in chickens whose bones had thinner cortical width, shorter tibias, and reduced bone ash. Relative tibia length and ash content is highly correlated to bone strength (Onyango, 2003; Shim et al., 2012a) as assessed by 3-point breaking tests, supporting the conclusion that bone strength was probably compromised by phenamil treatment. Consistent with this conclusion was the observation of a significantly, albeit modestly, reduced Ca:P indicative of a less well mineralized bone. As phenamil was shown to increase calcium incorporation in mesenchymal stem cell cultures, these results may indicate an inadequacy in some exogenous factor or gene product that is needed to bring calcium into the bone. No gender-based differences were observed within either experiment (1 or 2) or treatment group (PT or VT).
Both PINP and OCN concentrations in plasma are biomarkers of osteoblast activity, (Polak-Jonkisz and Zwolinska, 1998; Hale et al., 2007) and the very different responses of these 2 parameters to phenamil treatment suggests that bone growth per se is not impaired by phenamil. Increased PINP concentration with phenamil treatment indicates osteoblastic activity in collagen formation and the initial steps of bone formation are unimpaired. However, decreased OCN in PT chicks indicates that osteoblasts failed to calcify available collagen and form a functional osteoid matrix. Thus, phenamil may allow collagen synthesis but limit subsequent mineralization. Impaired calcification could limit long bone growth, decrease bone integrity and alter the shape Figure 3 . Keeled-sternum angles. Keeled-sternum angles were measured using a 3-point arc on the caudal sternum curve. Larger angles indicate flatter keels, with 180
• equaling a straight line. Keeled-sternums from PT chicks were flatter (Panel A; 166 • ±8.23
• , n = 13) than VT chicks (Panel B; 148
• ±9.62
• , n = 13; P = 0.000).
of other bony structures such as was observed in the distortion of keeled-sternum formation. This was the first time IRDye 800CW Bone Tag Optical Probe R was used to visualize bony structures in chickens and its utility in revealing the alterations in complex bone shapes was validated. BALP concentrations were below the limit of detection by ELISA in embryo homogenates and serum from all animals (experiments 1 & 3) and treatment groups (PT, VT and UT). We could find no published values for BALP protein concentration in growing broiler chickens despite an extensive literature search. The literature does report sharp increases in BALP activity with long bone calcification in chicken embryos (Osdoby and Caplan, 1981a; Osdoby and Caplan, 1981b) . Perhaps BALP protein concentration is low but the protein itself very active and so best detected by enzyme activity measurements; perhaps the bacterially expressed chicken BALP peptide used for antibody selection were dissimilar to native proteins. Serum biomarkers of collagen degradation (ICTP and NTX1) were not different between treatments suggesting that phenamil did not cause differential osteoclastic activity that resulted in the observed changes to long bone and keel bone structures. Control birds (VT) showed extreme variability in both ICTP and NTX1 compared to PT birds. The wide variation in VT birds precluded our ability to detect differences at a static time point. However, the assay kits per se did not seem to play a role as CVs for PT chicks were less than 5% and 10% for ICTP and NTX1 respectively. Because both of these indexes for collagen degradation varied in the same direction and manner (VT compared to PT), underlying biology appears to differ between VT and PT birds; however, we do not yet understand collagen turnover well enough to speculate as to why this variation occurs. To address phenamil's possible effects on feed intake and intestinal content weight, a separate cohort of chicks was raised for 1 wk. For that trial, a lower dose of 5 mg/kg body weight was used with gavage volumes being the same as in experiment 1, with the trial concluding after 8 d. Dosing chicks with a 5 mg/kg BW dose of phenamil did not affect total feed intake. While this lower concentration cannot address feed intake at a higher dose, body weight gain was repeatedly reduced in lower dose PT chicks similar to what was observed in chicks given higher phenamil doses. Crop and gut fill were measured and subtracted from carcass weights to verify gut contents did not alter body weights. Crop fill was significantly increased in VT birds, but crop and gut fill had no effect on carcass weights (P = 0.330). Dosing at a lower concentration resulted in reduced heart weights and thinner femurs. Dried tibia and femur weights, total mineral content as assessed by bone ash, and lengths trended lower in PT chicks, however, none reached significance in this short trial. Lack of significant effects as were observed in experiment 1 likely are the result of lower dosing concentrations of phenamil and shortened trial time frame.
Treating chicks with 30 mg/kg phenamil during the first 2 wk posthatch, the period of most dramatic growth, appears to have altered bone developmental signaling programs such that total bone growth and bone architecture were fundamentally changed. Thus, phenamil may provide a tool to identify novel processes or gene products important to bone quality in growing broilers. Fast-growing broilers have increased bone abnormalities, (Shim et al., 2012b) , which seem to be exacerbated by phenamil administration. Little is known of genetic regulation for normal chicken bone growth, so it is difficult to determine the mechanism by which phenamil administration restricted long bone formation and altered keel bone development. There is a vast need for characterization of genes involved in chicken skeletal growth and development. Further research is required to determine the full implications of the present observations, including whether phenamil effects differ depending upon the developmental timing of phenamil administration, and whether bone growth and bone repair are similarly affected.
